Pump-probe photoionization has been used to map the relaxation processes taking place from highly vibrationally excited levels of the S 2 state of azulene, populated directly or via internal conversion from the S 4 state. Photoelectron spectra obtained by 1+2' two-color time-resolved photoelectron imaging are invariant (apart from in intensity) to the pump-probe time delay and to pump wavelength. This reveals a photoionization process which is driven by an unstable electronic state (e.g. doubly excited state) lying below the ionization potential. This state is postulated to be populated by a probe transition from S 2 and to rapidly relax via an Auger like process onto highly vibrationally excited Rydberg states. This accounts for the time invariance of the photoelectron spectrum. The intensity of the photoelectron spectrum is proportional to the population in S 2 . An exponential energy gap law is used to describe the internal conversion rate from S 2 to S 0 . The vibronic coupling strength is found to be larger than 60±5 µeV.
I. INTRODUCTION
The electronic structure of azulene is noteworthy due to the atypical fluorescence which occurs from the second excited 2 1 (2 ) S A state, instead of the lower 1 2 (1 ) S B excited state. As such, it is well known as the textbook exception to Kasha's rule that "the emitting level of a given multiplicity is the lowest excited level of that multiplicity". 1 Little is known about the higher electronic valence states, [2] [3] [4] other than their use as stepping-stones through which to prepare highly excited molecules in order to observe the unimolecular dynamics of the molecule. 5, 6 Azulene is a planar asymmetric top molecule that belongs to the C 2v point group (see Figure 1 ).
There are four distinct regions in the absorption spectrum of the molecule; 700-500 nm, 350-310 nm, 290-260 nm, and 240-200 nm with relative oscillator strengths 0.01, 0.06, 1, and 0.4 (see Table   1 ). The for single vibrational levels in S 2 and sub-picosecond ones for the S 3 and S 4 levels. 2 The 2-3 ns lifetimes of the S 2 vibrational levels were later confirmed by picosecond-resolved quantum beat experiments. 8, 9 Intriguingly, Diau et al. 10 observed an additional fast exponential component in the ion time-profile in two colour photoionization experiments, with a 350 fs decay on the top of the long decay component when exciting the S 2 state with 470 meV excess vibrational energy. We have performed time resolved pump-probe photoionization and photoelectron spectroscopy via the electronically excited states (S 2 to S 4 ) of azulene. At all the wavelengths studied here the transient signals exhibit two distinct and well-defined behaviours: (i) Short-term (on the order of a picosecond) polarization dependent transients 11 and (ii) longer (10 ps -1 ns) time-scale decays. The present paper will consider the longer term behaviour, which will be explained as the result of
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internal conversion from S 2 to S 0 and treated via a statistical model, and focus principally on the photoionization processes occuring within the electronically excited states of azulene.
Although for most of our experiments a 1+1' photoionization process is energetically allowed, we will present a series of converging arguments to conclude that the photoionization actually proceeds via a complex (1+2') mechanism with fast internal conversion taking place within the probe pulse. To elucidate this photoionization mechanism we have measured pump-probe (263 -295 nm / 400 nm) signals on the parent photoion and also recorded photoelectron spectra; with both one-colour (258 and 266 nm) and two colour (268 -335 nm / 400 nm) ionization schemes.
Although the ionization mechanism is indubitably complicated, we will present evidence suggesting that the phenomena we are observing may be quite generic in polycyclic molecules. 
II EXPERIMENTAL DETAILS
Experiments were performed in our two laboratories using similar instruments. We describe here the experiment in Toulouse in detail and then point out any significant differences between the two set-ups. We employ pump-probe time-of-flight (TOF) mass-spectrometry to detect the photoions and velocity map imaging to record the photoelectrons spectra. 13 Both pump and probe pulses were generated from a master 1 kHz 2.5 mJ regenerative amplifier centred at ~805 nm and delivering a pulse with a Fourier limited Full-Width at Half
Maximum (FWHM) of ~60 fs (Amplitude Systems). A home-made non-collinear optical parametric amplifier (NOPA), 14 pumped with a fraction of the frequency doubled output of the Ti:sapphire amplifier, with subsequent second harmonic generation provided the ultraviolet (UV) pump pulse.
The NOPA output was partly recompressed by a prism pair. The typical FWHM of the pump pulse in energy was 30-50 meV corresponding to a Fourier limit of 35-60 fs. For most of the experiments reported here the probe pulse, at ~403 nm, was obtained by second harmonic generation (SHG) of the fundamental output of the regenerative amplifier. The cross-correlation between the pump and probe pulses, recorded by off-resonant multiphoton ionization of nitric oxide, had a typical 120 fs FWHM. Pump and probe beams were combined at a small angle (~1°) and focused onto the molecular beam by a 750 mm focal length spherical aluminium mirror. In order to reduce multiphoton effects, such as dissocitative ionization, the typical energies used were <1 µJ for the pump pulse and ~15 µJ for the probe pulse. The pulse-to-pulse stability was better than 85% for both pump and probe beams. The dimensions of the two beams were measured at their spatial overlap, from which we deduce intensities of ~3.0 10 10 W/cm 2 for the pump pulse and ~2.0 10 11 W/cm 2 for the probe pulse. These intensities correspond to an insignificant ponderomotive potential of a few meV. We are therefore confident that multiphoton ionization takes place in an unperturbed energy scheme.
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The set-up in Leeds is very similar except that the regenerative amplifier (Clark MXR 2010) is seeded with a frequency doubled Er fibre laser and consequently the central wavelengths of the hal-00289275, version 1 -20 Jun 2008 harmonics that are used for the probe and pump fields are slightly shifted from those used in perpendicularly, the focused laser beams. The resulting ions and photoelectrons were subsequently detected at the output of a 40 cm time-of-flight velocity map imaging spectrometer whose axis is perpendicular to the plane defined by the lasers and molecular beam. 13 The azulene sublimed cleanly without evidence of decomposition in the ion mass spectrum observed with either pump or probe laser alone. We were unable to detect any trace of van der Waals clusters such as azulene-N 2 or (azulene) n in the mass spectrum under these expansion conditions. 16, 17 For each pump-probe delay, the ion signal was averaged over ~2000 laser pulses and the photoelectron image over ~4×10 5 laser pulses. The images were calibrated by recording photoelectron signals from nitric oxide, acetylene and oxygen at various accelerating and focussing voltages. Typically the detection window spanned 0.1 to 3.5 eV with a resolution of 65 meV at 1.4
eV (for a repeller voltage of -3kV and an extractor to repeller voltage ratio of 0.735. 13 ). The 5% energy resolution achieved corresponds to the laser bandwidth.
III RESULTS AND DISCUSSION

A -Pump-Probe signals
hal-00289275, version 1 -20 Jun 2008 Figure 2 shows the typical monoexponential decay of the parent C 10 H 8 + ion recorded for two pump wavelengths respectively falling within the S 0 -S 4 (λ pump =268 nm) and S 0 -S 3 (λ pump =293 nm) absorption bands. A monoexponential picosecond decay has been observed for all the pump wavelengths investigated between 258 and 293 nm. In these experiments the probe pulse is the second harmonic of the laser chain, namely 403 nm, for all pump wavelengths except 258 nm where the probe wavelength was 387 nm. This detection scheme corresponds to paths (c-e) in Figure 1 .
The pump photon energy in these data spans the absorption range of the S 3 and S 4 electronic states (see Table 1 ), 2 but is always below the photodissociation threshold 18 or the isomerization barrier to naphtalene. 5, 19 The decay time decreases with increasing excitation energy but is greater than 30 ps even for the highest energy studied, ~5 eV. These would be remarkably long lifetimes for such high lying electronic states and would not be consistent with the broad features observed in the jet-cooled fluorescence excitation spectra of the S 3 and S 4 states. 2 From the spectral profiles Fujii et al. 2 suggested that the S 3 and S 4 states were efficiently coupled to the S 2 state and this was later confirmed by Lawrance and Knight by pump-probe spectroscopy. 20 In order to assign the non-radiative processes related to the decay times shown in Figure 2 and, in particular, to evaluate the relative contributions from paths (c) and (d) to the observed ion transients we investigated photoelectron spectra, as described below.
B -One-colour photoelectron spectra
The signature of the S 4 or S 3 states via photoionization has never been detected. Indeed, the 1+1
photoelectron spectrum recorded at the origin of the S 4 band with an 8 ps pulse results in a single photoelectron peak from the S 2 electronic state, and is correlated to the cation ground state via a v 0 ∆ ≈ propensity rule. 21 This is indicative of efficient internal conversion from the initially vibrational levels of S 2 . 17 These experiments show that, on the picosecond timescale, the prevailing contribution to the molecular eigenstates underlying the electronic absorption spectrum around the S 4 electronic origin comes from S 2 . The same conclusion can be drawn from similar experiments performed close to the origin of the S 3 state. 21 On the picosecond timescale, no clear signature of photoionization to D 1 is observed even though this photoionization route is energetically allowed.
The observation of a v 0 ∆ ≈ propensity rule suggests that the S 2 and cation ground states should have a similar geometry.
In order to detect the S 4 signature via photoionization, we performed the same experiment but with 120 fs pulses. The photoelectron spectrum was recorded for two different wavelengths (258 nm and 266 nm) in which the total two-photon energy (9.61 and 9.32 eV respectively) was sufficient to photoionise azulene to the cationic ground state, D 0 (7.41 eV), or the first excited state of the ion, D 1 (8.50eV), but not to the second excited state D 2 (10.07 eV) (see Table 1 ).
17,22 channel (lying from 1.9 to 0.9 eV on Fig. 3 for the 266 nm photoionization case) is formed with very little vibrational selectivity; the tail spreads over more than 1 eV. This can be tentatively assigned to a growing contribution of the S 2 electronic state in the one-photon resonance over the 120 fs pulse duration. For both wavelengths, the very low energy components could correspond to an autoionization process. On a timescale of 8 ps, the population created in S 4 has completely relaxed to S 2 . Consequently, photoionization to D 0 with a ∆v~0 propensity rule is the only signature observed in the photoelectron spectrum. In contrast, when the experiment is performed on the fs scale, a significant contribution of the photoelectron signal arises from ionization of the S 4 state, since photoioization takes place on a timescale commensurate with internal conversion. These observations set an upper limit certainly lower than 8 ps for the S 3 and S 4 states lifetimes. The twocolour experiment discussed in part C will fix a new upper limit to 120 fs. In conclusion, photoionization can be driven simply by v 0 ∆ ≈ transitions to D 1 from the S 4 state and to D 0 from the S 2 state.
C -Two Colour photoelectron spectra
Having identified the S 4 contribution to the total photoionization cross-section, the non-radiative processes related to the decay times of Figure very slow photoelectron (<200 meV) contribution assigned to the 1+1' route is significantly reduced at 335 nm where photoionization can only take place via a 1+2' scheme. As expected, photoionization is strongly dominated by the 2-photon transition. This is further supported by the laser power dependence of the parent ion signal, which was found to be linear in the pump intensity and quadratic in the probe intensity. If the same v 0 ∆ ≈ propensity rule as observed in Fig. 3 is applied for two-photon ionization at 400 nm, the photoelectron correlated with D 1 from S 4 on excitation at 266 nm should appear at a kinetic energy around 2.1 eV. There is no component at any delay that appears around this kinetic energy. Indeed, the most striking feature is the similarity between the photoelectron spectra for excitation to various internal energies in S 4 (λ pump = 268 nm, 275.5 nm and 283 nm) and the one recorded from the S 2 (λ pump =335 nm) state. The invariance of the photoelectron spectra to excitation energy and pump-probe delay can only be rationalized if the two-photon probe ionization occurs out of the same electronic state for all of the pump energies studied. The obvious candidate is the S 2 state since it is the only state to have a sufficiently long radiative lifetime to be compatible with the long decay times shown in Fig. 2 .
Our time resolution is evidently not sufficient to detect the transition between ionization from S 4 and from S 2 via any variation of the photoelectron spectrum, so we can conclude that the internal conversion between S 4 and S 2 is faster than 120 fs. Once in the S 2 state the population can convert further to highly vibrationally excited levels in S 1 and S 0 . We will examine this internal conversion, which occurs over a timescale of more than 60 ps in section D. The two-colour photoionization takes place via path (d) and/or (e) of Figure 1 .
As we have noted, apart from its relative intensity, the photoelectron energy spectrum is invariant to the pump photon excitation energy. The photoelectron spectra in Figure 4a are also highly structured. At first sight, it is tempting to identify this structure as a signature of the vibrational structure of the ion but this hypothesis must be immediately rejected. Indeed this pattern spreads over more than 1.5 eV with a splitting varying around 500 meV. Given the large variation (smaller than 0.2 eV), 23 it is difficult to assign the photoelectron pattern of Figure 4a to a vibrational progression. In fact, we will now show that this photoelectron spectrum is the signature of two- 
Introducing the binding energy 26, 27 In the MPI studies by Weber et al., 26, 27 no assumption was made as to which limit the Rydberg states were converging to. Therefore, in order to compare our results to these previous data, the Rydberg states are listed in Table 1 The remaining question is: does the photoionization from S 2 take place via an optical resonance with the Rydberg states (path (d) in Fig. 1 ) or via some other state that relaxes to Rydberg states (path (e)) as proposed by Weber? The general concept of a "superexcited state" defines a neutral state higher than the ionization potential with two-electron holes or an inner-shell electron. 32 Detailed experimental and theoretical data on the ionization of azulene are scarce, 21, 22, 33, 34 but the onset of shake-up ion states has been calculated by Deleuze to lie at quite low excitation energies, around 9.6 eV with a dominant configuration corresponding to ( ) ( ) ( ) ( ) ( ) ( ) ( ) such a state are very similar to a SES. Now we will demonstrate why the photoelectron spectra of photoelectron spectra (Fig. 4a) Photoelectron spectra 5 and 6 of Figure 4a are one colour profiles recorded at 400 nm (5) Doubly excited states are quite difficult to investigate spectroscopically mainly due to their markedly different geometry to the valence states as well as their short lifetimes. It is mainly through their relaxation process that they are detectable. Despite the difficulty, we hope our observations might inspire theorists to take up the challenge to calculate the geometry and electronic configuration of the doubly excited states on polyaromatic systems, such as azulene.
Indeed, these curious states are of potential importance in a variety of interesting processes since these states might coexist with the ion states as well as dissociative neutral states. The dynamics of such states are thus likely to play a crucial role in Rydberg fingerprint spectroscopy, used for instance to differentiate charge distributions in isomeric aromatic molecules, 35 as well as conformational dynamics.
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D -Non-radiative relaxation from vibrationally excited S 2 state
The time transients recorded in Figure 2 map the relaxation from the S 2 state. This is revealed by the persistence of the intensity distribution of the time-resolved photoelectron spectrum as a function of the pump-probe delay as well as the same sensitivity to the rotational coherence (not presented here). We now examine the variation of the decay rate as a function of the excitation energy using a statistical approach.
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Non-radiative relaxation in azulene is largely governed by internal conversion (IC) rather than intersystem crossing (ISC). If we ignore ISC, the decay time τ e is simply a function of the radiative rate r k and the non-radiative relaxation rate k IC :
where r φ is the fluorescence quantum yield. In Figure 5 we plot the decay rates measured for different vibrational energy in S 2 state, together with lifetime measurements 9 obtained for low vib E and data deduced from quantum yield measurements. 7, 8 The fluorescence rate is usually supposed independent of the vibrational mode, 38 such that any variation in the decay time simply stems from a dependency of the IC rate with the excess energy. At the origin of S 2 , the weak coupling between the S 2 -S 1 state 39 can be described by an electronic energy gap law. 40 At larger excess vibrational energies the relaxation becomes dominated by the S 2 -S 0 internal conversion. 7 With increasing vibrational energy, the internal conversion rate is expected to increase slightly before tailing off at yet higher energy. 38, 41 The overall trend of exponentially increasing IC k versus vibrational energy in S 2 has already been observed [7] [8] [9] 41 for an excess vibrational energy greater than 0.24 eV. 2, 8 In the framework of Fermi's Golden Rule, the internal conversion rate can be approximated as:
where ( 
This simple calculation overestimates α by not taking into account the vibrational modes promoting the IC that will lead to a reduced state density, however, it explains the linear dependency observed in Figure 5 . Figure 5 compares the rate e k measured at high excess energy in the present work with earlier gas-phase measurements at lower excess vibrational energy. [7] [8] [9] 41 The value of This contour integral is done with a resolution of ∆E=10 meV, fixed by the convergence of the calculation, leading to a density of states: 
Although we have not yet observed this fall-off behaviour in the IC rate between the S 2 and S 0 states, we can still estimate a lower limit for the vibronic coupling i V from the IC k measured at the maximum excess vibrational energy investigated here (1.24 eV) s -1 and 1 586 17 meV
The lower limit for i V is 60 ± 5 µeV. Note that the S 2 -S 4 vibronic coupling is estimated to 99.2 meV. 20 A more definitive statement concerning the magnitude of the coupling must await the determination of the fall-off region of k IC via pump-probe experiments done at higher energy. 
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Figure 4 :
Photoelectron spectra recorded with a probe pulse centered at (a) 400 nm and pump excitation at (1) 268 nm (2) 
